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RESUMO

MAGALHAES, Isabela Soares, M.Sc., Universidade Federal de Vicgosa, fevereiro de 2022.
Hidroélise enzimatica assistida por ultrassom da caseina do leite de cabra: efeitos na
cinética de hidrdlise, solubilidade e atividade antioxidante dos hidrolisados. Orientador:
Bruno Ricardo de Castro Leite Jdinior. Coorientadores: Alline Artigiani Lima Tribst e
Eduardo Basilio de Oliveira.

7z

O leite de cabra € uma fonte de proteina com grande potencial de uso na obtencdo de
peptideos bioativos e técnico-funcionais. Atualmente, a hidrélise enzimdtica € o principal
método de obtencdo desses peptideos, porém possui como limitacdes o longo tempo de
hidrdlise, baixo rendimento e alto custo. Nesse contexto, o uso de tecnologias emergentes,
como o ultrassom (US), t€ém sido uma estratégia que visa melhorar a performance enziméatica
e otimizar o processo de obtencdo dos hidrolisados. Este estudo avaliou o efeito do ultrassom
na hidrdlise enzimdtica assistida da caseina do leite de cabra (CLC) e o impacto na
solubilidade e atividade antioxidante dos hidrolisados obtidos. Trés enzimas comerciais foram
utilizadas: Alcalase, Brauzyn e Flavourzyme. A hidrdlise assistida por ultrassom (40kHz;
23,8W/L) ocorreu por até 300 minutos, na temperatura 6tima das enzimas (60°C) e pH 6,8.
Os resultados demonstraram que o US aumentou a taxa de hidré6lise em até 120%, bem como
o grau de hidrélise (GH) maximo (23 - 48%) e a concentragdo de proteina solivel em TCA
(em até 40%) (p<0,05). A solubilidade dos hidrolisados foi superior a da CLC nativa, com
maior incremento em pH 4,0 (aumento de 5% para até 36,9%). Para a maioria das condi¢des
avaliadas, a hidrdlise assistida por US aumentou a solubilidade dos hidrolisados da CLC em
até 35,7% apo6s 300 min de reacdo (p<0,05). Além disso, principalmente para Alcalase, a
tecnologia potencializou (p<0.05) a atividade antioxidante in vitro dos hidrolisados, que
foram produzidos em menor tempo (reducao de até 10 vezes), conforme os ensaios de ABTS
(p<0.05). Portanto, a utilizacdo do banho ultrassénico durante a hidrélise enzimatica da CLC
€ uma estratégia promissora a ser utilizada pela industria alimenticia para potencializar a

producdo de hidrolisados com propriedades bioldgicas e técnico-funcionais.

Palavras-chave: Grau de hidrdlise. Leite de cabra. Peptideos. Propriedades bioldgicas.
Propriedades técnico-funcionais. Proteinas. Sonicagao.



ABSTRACT

MAGALHAES, Isabela Soares, M.Sc., Universidade Federal de Vigosa, February, 2022.
Ultrasound-assisted enzymatic hydrolysis of goat milk casein: effects on hydrolysis
kinetics, solubility and antioxidant activity of hydrolysates. Advisor: Bruno Ricardo de
Castro Leite Junior. Co-advisors: Alline Artigiani Lima Tribst and Eduardo Basilio de
Oliveira.

Goat milk is a protein source with great potential for use in obtaining bioactive and technical-
functional peptides. Currently, enzymatic hydrolysis is the main method for obtaining these
peptides, however it has limitations such as the long hydrolysis time, low yield, and high cost.
In this context, the use of emerging technologies, such as ultrasound (US), has been a strategy
that aims to improve enzymatic performance and optimize the process of obtaining
hydrolysates. This study evaluated the effect of ultrasound on the enzymatic-assisted
hydrolysis of goat milk casein (GMC) and the impact on the solubility and antioxidant
activity of the hydrolysates obtained. Three commercial enzymes were used: Alcalase,
Brauzyn and Flavourzyme. Ultrasound-assisted hydrolysis (40kHz; 23.8W/L) occurred for up
to 300 minutes, at the optimum enzyme temperature (60°C) and pH 6.8. The results showed
that US increased the hydrolysis rate by up to 120%, as well as the maximum degree of
hydrolysis (DH) (23 - 48%) and TCA-soluble protein concentration (up to 40%) (p<0.05).
The solubility of hydrolysates was higher than that of native GMC, with higher increment at
pH 4,0 (increase from 5% to up to 36.9%). For most of the conditions evaluated, US-assisted
hydrolysis increased the solubility of GMC hydrolysates up to 35.7% after 300 min of
reaction (p<0.05). Furthermore, especially for Alcalase, the technology potentiated (p<0.05)
the in vitro antioxidant activity of the hydrolysates, which were produced in a shorter time (up
to 10x reduction), according to ABTS assays (p<0.05). Therefore, the use of ultrasonic bath
during the enzymatic hydrolysis of GMC is a promising strategy to be used by the food
industry to enhance the production of hydrolysates with biological and techno-functional

properties.

Keywords: Hydrolysis degree. Goat milk. Peptides. Biological properties. Techno-functional

properties. Protein. Sonication.
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INTRODUCAO GERAL

Nos udltimos anos, o impacto da alimentacdo na saide dos individuos tem sido cada vez
mais ressaltado, e com isso observa-se algumas tendéncias no consumo alimentar da
populacdo, como a busca por maior saudabilidade e maior diversificacdo da dieta. Um dos
alimentos que tem despertado o interesse dos consumidores € o leite de cabra, visto que o
setor caprino apresentou crescimento significativo no cendrio mundial nos dltimos anos, com
tendéncia de aumento de aproximadamente 53% até 2030 (PULINA et al., 2018).

O leite de cabra € um fluido biologico complexo que possui proteinas, gorduras,
carboidratos, vitaminas e minerais em sua composi¢cdo (PARK, 2017). Parte da producdo
destina-se a fabricacdo de derivados lacteos como queijos, cremes e iogurtes, 0 que contribui
para a agregacdo de valor a matéria-prima e evidencia sua versatilidade. Além destes
produtos, € possivel diversificar a aplicagdo desta matéria prima através da produgdo de
peptideos com propriedades bioldgicas e técnico-funcionais a partir das proteinas do leite
caprino.

As propriedades de um peptideo variam de acordo com sua composi¢do e sequéncia de
aminodcidos. Em geral, podem apresentar importantes propriedades técnico-funcionais, como
atividade emulsificante, formacdo de gel e espuma e retencdo de dgua e Oleo, sendo
importante que possuam alta solubilidade. Além disso, podem apresentar propriedades
bioldgicas como atividade antioxidante, anti-hipertensiva, imunomoduladora, antidiabética,
antimicrobiana, dentre outras, sendo nesse caso, chamados de peptideos bioativos (KARAMI;
AKBARI-ADERGANI, 2019).

Estudos sobre as propriedades técnico-funcionais das proteinas do leite caprino, em
especial as caseinas e seus hidrolisados, ainda sdo escassos. Por outro lado, alguns trabalhos
Jj4 detectaram a presenca de peptideos bioativos, com atividade antioxidante e anti-
hipertensiva, obtidos da hidrdlise das proteinas do leite de cabra (LI et al, 2013; IBRAHIM;
AHMED; MIYATA, 2017).

Dentre os métodos de obtengao desses peptideos, destaca-se a hidrdlise enzimatica devido
as vantagens que possui, principalmente a alta especificidade. No entanto, esse processo tem
algumas limitacdes como o alto custo das enzimas e baixo rendimento, € por isso tem-se
associado esse método ao uso de tecnologias, como por exemplo o ultrassom (US), com o
objetivo de melhorar a performance enzimatica (ULUG; JAHANDIDEH; WU, 2020).

O US ¢ considerado uma tecnologia ambientalmente segura, € seu uso na industria

alimenticia € promissor, visto que nao estd associado a geracdo de compostos toxicos e
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promove menos danos nutricionais e sensoriais nos alimentos quando comparado ao
processamento térmico. Atualmente, existe uma ampla oferta de equipamentos disponiveis no
mercado, incluindo banhos ultrassdnicos, que podem apresentar 6timo custo-beneficio quando
comparados ao US de sonda, devido ao menor custo do equipamento, maior resisténcia por
atuar em condi¢des mais brandas e maior potencial de escalabilidade (SOARES et al., 2019;
OLIVEIRA, et al.,, 2020; SOARES et al.,, 2020). No entanto, os efeitos da hidrdlise
enzimatica assistida por US da caseina do leite cabra (CLC) na obtengcao de peptideos
bioativos e técnico-funcionais, ainda nao foram estudados. Portanto, diante do exposto, nota-
se que hd uma lacuna no conhecimento técnico-cientifico a ser preenchida, visando
potencializar a hidrélise enzimédtica da CLC e, consequentemente, a obtencdo de peptideos

com propriedades bioldgicas e técnico-funcionais.
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OBJETIVOS

Objetivo Geral

Auvaliar o efeito do ultrassom (US) na hidrélise enzimética assistida da caseina do leite de

cabra (CLC) e o impacto na solubilidade e atividade antioxidante dos hidrolisados obtidos.

Objetivos Especificos

Determinar a temperatura 6tima de atividade das proteases Alcalase, Brauzyn e
Flavourzyme.

Avaliar o efeito da reacdo enzimatica assistida por US na taxa e no grau de hidrdlise (GH)
da CLC ao longo de 300 minutos.

Avaliar o efeito da hidrélise enzimética assistida por US da CLC na porcentagem de
proteinas soliveis em TCA ao longo de 300 minutos.

Avaliar o impacto da hidrolise enzimdtica assistida por US da CLC em diferentes tempos
(30, 120 e 300 min) na solubilidade dos hidrolisados obtidos.

Avaliar in vitro o impacto da hidrdlise enzimatica assistida por US da CLC em diferentes

tempos (30, 120 e 300 min) na propriedade antioxidante dos hidrolisados.
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CAPITULO 1

REFERENCIAL TEORICO

1. Peptideos com propriedades bioldgicas e técnico-funcionais

Os peptideos sdo fragmentos proteicos formados por dois ou mais residuos de
aminodcidos, e dependendo de sua composicdo, podem apresentar propriedades bioldgicas e
técnico-funcionais. Em termos de funcionalidade, a capacidade de formacdo de espuma, de
retengdo de dgua e Oleo, propriedades emulsificantes e solubilidade sdo conhecidas por
desempenharem um papel importante no processamento de alimentos e desenvolvimento de
novos produtos alimenticios (SHOKRI et al., 2022).

Ja os peptideos bioativos normalmente possuem entre 2 e 20 residuos de aminoécidos e
podem desempenhar alguma atividade biologica. Estudos t€ém demonstrado que esses
compostos podem se ligar a receptores de células ou inibir enzimas envolvidas em processos
metabdlicos especificos e assim exercerem importantes atividades, tais como antioxidante,
anti-hipertensiva, imunomoduladora, antidiabética, entre outras. Em fun¢do disso, aumentou-
se o interesse a respeito da obtencdo e aplicabilidade desses peptideos como ingredientes
alimentares nutracéuticos (MONTESANO et al., 2020; KARAMI; AKBARI-ADERGANI,
2019).

A origem desses compostos sdo as diferentes fontes de proteinas, como carnes, ovos, leite,
vegetais folhosos, cereais, leguminosas e até mesmo insetos (MONTESANO et al., 2020).
Para que os peptideos desempenhem suas propriedades, os mesmos devem ser hidrolisados,
pois se encontram inativos na proteina original. As formas de obtencido sdo basicamente a
hidrélise enzimdtica e quimica, sendo a hidrélise enzimatica mais utilizada, pois, apesar do
alto custo das enzimas, possui vantagens como a alta especificidade e a ndo formacio de
compostos toxicos (ULUG, JAHANDIDEH, WU, 2020). Diversos fatores podem afetar
diretamente a funcionalidade de peptideos bioativos e técnico-funcionais, como o peso
molecular, a sequéncia e composi¢do de aminodcidos, as condi¢des de processamento e a
fonte de proteina utilizada (CASTRO; SATO, 2015).

Algumas propriedades bioldgicas ja foram relatadas em estudos com diferentes matérias-
primas, como por exemplo a atividade antidiabética, detectada em hidrolisados de leite de
camelo, coprodutos de salmao e até mesmo insetos (MUDGIL et al., 2018; HARNEDY et al.,
2018; RIVERO-PINO et al., 2020). Peptideos anti-hipertensivos também tém sido muito

estudados e ja foram identificados em pesquisas com proteinas da soja, farelo de arroz, pele
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de tildpia e queijo de cabra (WANG et al., 2017; KOCAK et al., 2020; CHEN et al., 2021;
XU et al., 2021).

Dentre as fontes proteicas de origem vegetal destacam-se os cereais e leguminosas, que
s30 ricos nesse nutriente e possuem caracteristica complementar no perfil de aminoacidos. As
propriedades antioxidante e anti-hipertensiva foram relatadas em estudos recentes envolvendo
as proteinas do gérmen de trigo e do feijao (KARAMI et al., 2019; XIE et al., 2019), bem
como as atividades emulsificante e espumante em estudos com os isolados proteicos de
ervilha e soja, respectivamente (XIONG et al., 2018; MORALES et al., 2015).

Em relacdo as fontes de proteinas de origem animal, o leite é uma op¢do bastante
explorada, principalmente o leite bovino. Diferentes trabalhos ja avaliaram as propriedades
das proteinas l4cteas ou de seus hidrolisados e identificaram atividades antioxidantes, anti-
hipertensivas e imunomoduladoras, além de propriedades técnico-funcionais como
emulsificantes, estabilizacdo de espuma e solubilidade (MULEY et al., 2020; WU et al., 2018;
SHEN; SHAO; GU, 2016).

A solubilidade € considerada uma propriedade essencial, pois pode impactar diretamente
no desempenho de outras atividades bioldgicas e técnico-funcionais (OMURA et al., 2021).
Em geral, a solubilidade estd relacionada ao tamanho da particula de proteina, ou seja, uma
particula menor tem maior contato em sua drea de superficie, 0 que aumenta a propensao a
solubilidade, e consequentemente, otimiza atividades como a capacidade de formaciao de
espuma e emulsdao (SHOKRI et al., 2022).

Logo, o nivel de solubilidade proteica pode aumentar apds a hidrélise enzimatica devido a
reducdo no peso molecular do substrato e consequentemente ao aumento de unidades
polipeptidicas menores e mais hidrofilicas (KILARA; PANYAM, 2003). O tipo de enzima e
o tempo de reacdo podem influenciar na solubilidade final dos hidrolisados (LUO; PAN;
ZHONG, 2014), sendo importante otimizar as condi¢des de processamento para obtengdo de
compostos mais soldveis.

Em relagdo as propriedades bioldgicas, a atividade antioxidante tem sido alvo de atengdo,
pois estd relacionada a preven¢do de doengas cronicas e fendmenos de envelhecimento, que
podem ser causados pelo excesso de radicais livres no corpo. Essa propriedade pode ser
avaliada por diferentes mecanismos, como poder redutor, atividade sequestrante do radical
hidroxila e eliminacao de radicais livres (CUI et al., 2022)

Os radicais livres sdo altamente reativos, pois contém nimero impar de elétrons em sua
ultima camada. Em ensaios in vitro para avaliacdo da capacidade antioxidante de hidrolisados

proteicos, os radicais DPPH (2,2-diphenyl- 1-picrylhydrazyl) e ABTS (2,2'-azino-bis (4cido
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3-etilbenzotiazolina-6-sulfonico)) sdo comumente utilizados (LI et al., 2013; MULEY et al.,
2021; ZHONG et al., 2021).

A atividade antioxidante de proteinas pode ser limitada pela estrutura tercidria de
polipeptideos, uma vez que muitos aminodcidos com potencial antioxidante podem estar
localizados dentro do nicleo proteico, onde sdo inacessiveis. Como exemplo, tem-se a
estrutura da B-lactoglobulina nativa, na qual a maioria dos aminodcidos com capacidade de
eliminacdo de radicais livres estd localizada no interior da estrutura proteica, nao contribuindo
com a atividade antioxidante da proteina intacta. Nesse contexto, tem-se como uma das
estratégias a hidrélise enzimdtica, que pode causar a ruptura da estrutura tercidria e aumentar
o contato entre os residuos de aminoacidos e o meio (ELIAS; KELLERBY; DECKER.,
2008). Diferentes estudos relataram o aumento da atividade antioxidante de proteinas apds a
hidrélise (CASTRO; SATO, 2015; CUI et al., 2022).

Um estudo feito com as proteinas do leite de cabra demonstrou que, tanto os hidrolisados
obtidos da caseina quanto das proteinas do soro, possuiram capacidade de eliminacdo do
radical DPPH e do anion superéxido (AHMED et al., 2015). Diante do exposto, nota-se a
relevancia da busca por hidrolisados com propriedades bioldgicas e técnico-funcionais a partir
de diferentes fontes proteicas. Assim, sdo promissores os estudos com alimentos pouco
explorados e produzidos em menor escala, como o leite de cabra, pois possuem alto potencial
de crescimento no mercado e, em paralelo, revelam-se uma alternativa de renda para diversas

comunidades rurais.

2. Leite de cabra: caracteristicas e potencial de uso na indistria alimenticia

A produ¢do mundial de leite € liderada pelo leite bovino, representando mais de 80% da
producdo total nos ultimos anos. No entanto, a producdo de leite proveniente de outros
animais tem aumentado, como o de bufalas, ovelhas e cabras. Nos dltimos 50 anos, a
producdo mundial de leite caprino mais que dobrou e espera-se um aumento de
aproximadamente 53% até 2030 (PULINA et al., 2018). No Brasil, a produgdo se destaca na
regido Nordeste, mas pode-se observar crescimento do setor nas regides Sul, Sudeste e
Centro-Oeste (SILVA; FAVARIN, 2020).

Do ponto de vista da legislacdo, o leite de cabra é definido pela Instru¢ao Normativa n°
37 do Ministério da Agricultura, Pecudria e Abastecimento (MAPA) como “o produto
oriundo da ordenha completa, ininterrupta, em condi¢des de higiene, de animais da espécie

caprina, sadios, bem alimentados e descansados” (BRASIL, 2000). Estima-se que essa
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matéria-prima represente 2% do suprimento anual de leite do mundo. Os pequenos ruminantes
leiteiros estdo localizados principalmente em dreas temperadas subtropicais de continentes
como a Asia, Africa e Europa. As cabras leiteiras estdo presentes tanto em paises de baixa
renda e com populacdo sujeita a déficit alimentar, quanto em paises de alta renda e
tecnologicamente desenvolvidos (PULINA et al., 2018).

No Brasil, a produgdo de leite de cabra tem contribuicao significativa da regido Nordeste,
sendo o estado da Paraiba o maior produtor do pais. Segundo o Instituto Brasileiro de
Geografia e Estatistica (IBGE), recentemente o rebanho caprino apresentou crescimento de
16%, totalizando mais de 8 milhdes de cabecas, o que demonstra seu potencial no contexto do
agronegdécio brasileiro. Além do leite fluido, que em sua maioria € direcionado para
programas de distribuicdo de alimentos no Nordeste, também sdo comercializados os seus
derivados, produzidos principalmente na regido Sudeste, como o leite em pd, iogurte, queijos
e doces (SILVA; FAVARIN, 2020; DUARTE; OCCULATI; MANFRE, 2019; IBGE, 2017).

Em relacdo a composi¢do nutricional, o leite caprino contém aproximadamente 12,2% de
sOlidos totais, sendo 3,8% de gordura, 3,4% de proteina, 4,1% de lactose e 0,8% de cinzas,
podendo variar de acordo com a dieta do animal, raca, nimero de partos, estidgio de lactagdo,
condi¢des ambientais, estacdo do ano e condicdes de manejo (PARK, 2017). O contetddo de
vitaminas e minerais do leite de cabra é amplo, possuindo niveis satisfatorios de vitamina A e
vitaminas do complexo B (tiamina, riboflavina e niacina), além de minerais como célcio,
zinco, selénio, manganés e cobre (LIMA et al., 2016).

O sabor e o odor caracteristicos do leite caprino estdo diretamente relacionados ao seu
perfil lipidico, em especial a presenca dos acidos caprdico, caprilico e cédprico. No que diz
respeito ao tamanho médio dos glébulos de gordura, o leite de cabra apresenta menores
diametros quando comparado aos leites de vaca e humano, o que por sua vez confere melhor
dispersdo e contribui para a formacdo de uma mistura mais homogénea. Essa maior dispersao
pode facilitar a digestibilidade do leite, pois fornece maior drea de superficie para acdo das
lipases (PARK, 2017).

Um estudo foi realizado para avaliar a digestdo gastrica de formulas infantis feitas com
leite de cabra e leite de vaca, por meio de um simulador dindmico in vitro, e observou-se que
as formulas de leite de cabra formavam agregados menores de proteina e goticulas menores
de gordura em condicdes géstricas, levando a uma digestao mais rdpida quando comparadas
as formulas de leite de vaca. O resultado foi associado ao perfil proteico das férmulas,
sugerindo que a composi¢do das micelas de caseina do leite caprino pode desempenhar um

papel importante na digestibilidade do alimento (YE et al., 2019).
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As principais proteinas do leite de cabra estdo divididas entre caseinas (B-caseina, k-
caseina, asi-caseina e os2-caseina) e proteinas do soro (B-lactoglobulina, a-lactalbumina, soro

albumina, imunoglobulinas e lactoferrina) (Figura 1).
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Figura 1 — Principais proteinas do leite de cabra. Fonte: Autoria propria.

As proteinas do soro representam cerca de 15-25% da concentragdo da proteina total do
leite de cabra. J4 as caseinas contribuem de forma predominante com percentual que varia de
60-80%. O conteudo total de caseina do leite caprino € inferior ao do leite bovino e as fragdes
B-caseina e asi-caseina sdo as mais abundantes no leite de cabra e vaca, respectivamente
(PARK, 2017). H4 estudos que relacionam o potencial alergénico do leite a presenca da
fracdo os1-caseina e, por isso, o leite caprino € considerado hipoalergénico quando comparado
ao leite bovino (DELGADO—JIjNIOR; SIQUEIRA; STOCK, 2020).

As micelas de caseina caprina sdo menos estdveis ao calor e se desnaturam mais
rapidamente do que as micelas de caseina bovina, porém contém mais calcio e fésforo
inorgénico, além de apresentarem niveis de mineralizac¢do superiores (PARK et al., 2007). Em
relacdo ao perfil de aminodcidos, as a-caseina (tanto as; como as2-caseina) contém mais
aspartato, lisina e tirosina do que as B-caseina, que por sua vez possuem mais leucina, prolina
e valina. O conteddo total de aminodcidos no leite de cabra € superior ao do leite humano,

mas sdo semelhantes aos leites de diversas espécies quanto a presenca de aminodcidos

essenciais (representando 40% do total de aminodcidos), aminodcidos de cadeia ramificada

(20%) e aminoacidos sulfurados (4%) (PARK, 2017).
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Sabe-se que as proteinas do leite bovino sdo amplamente utilizadas na industria
alimenticia para fins de reten¢do de dgua, formacdo de espuma e emulsificacdo. Além disso,
s@o usadas como ingrediente em diversos produtos como massas, sorvetes e bolos (SHOKRI
et al., 2022). O leite de cabra também possui propriedades funcionais, que podem ser afetadas
por sua composi¢do proteica e pelo polimorfismo genético de suas proteinas, o que estd
associado a parametros quantitativos e qualitativos do leite (ALBENZIO; SANTILLO, 2011).

Do ponto de vista nutricional, o leite de cabra é muito semelhante ao leite de origem
bovina, especialmente no conteido percentual de proteinas (3,4 e 3,2% respectivamente).
Além disso, possuem caracteristicas fisico-quimicas muito parecidas como a densidade,
indice de refracdo, e a viscosidade que € ligeiramente inferior para o leite caprino (PARK et
al.,, 2017). Logo, essa matéria-prima possui grande potencial de utilizagdo na industria
alimenticia, visto que, além de possuir aspectos nutricionais favordveis, seu setor tem
apresentado um crescimento substancial, com excelentes perspectivas para os proximos anos
(PULINA et al., 2018).

Além disso, propriedades bioldgicas foram identificadas a partir das proteinas do leite de
cabra, como peptideos anti-hipertensivos, sendo derivados da B-lactoglobulina, B-caseina e x-
caseina. Esses hidrolisados apresentaram atividade compardvel a de um farmaco anti-
hipertensivo, o que demonstra o cendrio positivo na introducdo desses compostos naturais no
mercado farmacéutico e alimenticio IBRAHIM; AHMED; MIYATA, 2017).

Dentre as proteinas do leite de cabra, Espejo-Carpio et al. (2013) destacam o potencial
de utilizagdo das caseinas. Os autores compararam a atividade anti-hipertensiva de
hidrolisados obtidos de fragdes de caseina do leite de cabra e proteinas do soro. A maior
capacidade de inibi¢do da enzima conversora de angiotensina (ECA) foi obtida a partir da
fracdo de caseina hidrolisada, que originou uma série de peptideos ainda ndo identificados
com semelhanga estrutural com outros peptideos inibidores de ECA ja conhecidos (ESPEJO-
CARPIO et al., 2013). Esses resultados, somados a predominancia da caseina dentre as
proteinas do leite de cabra, evidenciam o grande potencial de utilizacdo dessa fragdo na

producdo de peptideos com propriedades bioldgicas e técnico-funcionais.

3. Hidrdlise da caseina do leite de cabra (CLC) para obtencao de peptideos bioativos e

técnico-funcionais

A composi¢do das caseinas do leite de cabra € influenciada pelo polimorfismo genético nos
loci da caseina, que sdo posi¢des especificas em um cromossomo onde estdo localizados

determinados genes (PARK et al., 2017). Dentre as diferentes fra¢des, a B-caseina é a mais
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abundante, representando aproximadamente 55% do conteuddo total de caseinas, seguida pela

K-caseina, as2-caseina e asl-caseina (Tabela 1).

Tabela 1 — Distribui¢do percentual das fragdes no contetido total de caseina do leite de cabra

Fracio de caseina % do total de caseina
B-caseina 54,8
K-caseina 20,4

Os2-caseina 19,2
Os1-caseina 5,6
Total 100

Fonte: Adaptada de PARK et al., 2017

O polimorfismo da caseina parece estar associado a diferentes niveis de sintese dessa
proteina e diferentes taxas de fosforilacdo da cadeia peptidica e, somado a composi¢do, pode
ser responsavel pela geracdo do amplo espectro de peptideos derivados da caseina. Esses
peptideos se encontram inativos na proteina precursora e podem ser liberados pela acdo de
proteases adicionadas ou que estejam naturalmente presentes no leite (ALBENZIO;
SANTILLO, 2011).

Nesse contexto, a hidrdlise da CLC tem sido estudada em relagdo a seu potencial na
geracdo de peptideos com propriedades bioldgicas. A proteina intacta normalmente apresenta
atividade bioldgica inferior a seus hidrolisados, como demonstrado por um estudo feito com a
casefna e os peptideos obtidos apds hidrdlise pela pepsina géstrica. Ao serem avaliados, os
hidrolisados exibiram atividade de inibicdo de ECA significativamente maior que a caseina,
com destaque para os peptideos hidrofébicos que se mostraram os inibidores mais potentes
(IBRAHIM; AHMED; MIYATA, 2017).

Um estudo in vitro foi realizado para avaliar a propriedade antidiabética de hidrolisados
da caseina do leite de cabra e observou-se que os peptideos obtidos ap6s 3 horas de hidrolise
aumentaram significativamente a taxa de consumo de glicose em células resistentes a insulina.
Os peptideos bioativos identificados eram derivados das fragdes B-caseina, osi-caseina e -
caseina (GONG et al., 2020).

Li et al. (2013) utilizaram uma combinacdo de proteases neutras e alcalinas para a
obtencdo dos hidrolisados da CLC. Apés purificagdo e identificagdo dos peptideos, comparou-
se a atividade antioxidante entre esses hidrolisados e a caseina. A eliminacao de radicais livres
e a capacidade quelante de {fons metdlicos foram significativamente maiores apds a hidrolise.

A alta atividade antioxidante dos hidrolisados, que aumentou em até 380 vezes, foi atribuida
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especialmente a alguns oligopeptideos que foram observados pela primeira vez em
hidrolisados da CLC, revelando a necessidade de mais estudos a respeito dessa propriedade
utilizando a CLC como substrato da hidrélise.

Em relacdo as propriedades técnico-funcionais da CLC e seus hidrolisados, os estudos
ainda sdo escassos, o que demonstra a relevancia de se ampliar a investiga¢cdo do potencial da
CLC na geragdo de peptideos com tais propriedades, em especial a de solubilidade, que esta

diretamente relacionada ao desempenho das demais.

4. Utilizacao do ultrassom (US) para potencializar a hidrélise enzimatica

O ultrassom (US) € uma tecnologia que se baseia na propagacdo de ondas mecanicas com
frequéncia superior ao limite audivel humano de 20kHz, denominadas ondas ultrassonicas. E
uma tecnologia ndo térmica e considerada ecologicamente correta, que vem sendo utilizada na
producdo de peptideos bioativos em combinacdo com o método enzimdtico. Seu principal
mecanismo de a¢do € o processo de cavita¢do acustica, caracterizada pela formacao, expansao
e implosdo de microbolhas no meio, o que pode gerar modificacdes fisicas e quimicas nos
compostos submetidos a esse processamento (BRENNEN, 2013; ULUG, JAHANDIDEH,
WU, 2020).

O US pode ser aplicado estrategicamente para melhorar a hidrélise enzimética, que
atualmente € o principal meio de obtencdo dos peptideos. Muitos trabalhos tém avaliado o
efeito do US como pré-tratamento do substrato, visando alteragdes estruturais nas proteinas
que as tornem mais acessiveis a hidrélise (ULUG, JAHANDIDEH, WU, 2020). Além disso, o
US pode ser utilizado no pré-tratamento das enzimas, promovendo ativacdo e estabilizagao,
bem como durante a reagdo enzimatica, no qual pode ocorrer um aumento na transferéncia de
energia e massa, € consequentemente aceleracio da reacao (SOARES et al., 2019).

Nos dltimos anos, as pesquisas t€m demonstrado que o uso do ultrassom pode influenciar
nas propriedades técnico-funcionais das proteinas através da modificagdo de sua estrutura
molecular. Um estudo de revisdo avaliou o impacto do US em diferentes atividades técnico-
funcionais das proteinas do leite, como capacidade emulsificante, formacdo de espuma, de
gel, capacidade de reten¢do de dgua e solubilidade. Concluiu-se que os efeitos de melhoria do
US em cada uma das propriedades foram dependentes das condi¢des de utilizacdo do US e do
tipo de proteina tratada (SHOKRI et al., 2022).

Outro estudo avaliou o efeito do ultrassom de alta intensidade nas propriedades técnico-

funcionais das proteinas do soro do leite. Como resultado, observou-se que a solubilidade das
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proteinas e a hidrofobicidade de superficie foram aumentados por tratamento ultrassonico,
que também resultou em mudangas significativas na viscosidade aparente das solucdes
proteicas. Além disso, os indices de atividade da emulsdo e de estabilidade da emulsao foram
aumentados pelo tratamento com US, demonstrando que essa tecnologia pode ser usada para
melhorar certas propriedades técnico-funcionais das proteinas do soro do leite (SHEN;
SHAO; GU, 2016).

A tecnologia tem sido avaliada na geracdo de peptideos derivados de diferentes proteinas
alimentares, desde fontes mais conhecidas como o leite, até outras inovadoras, como 0S
insetos. Esses dltimos foram estudados por Rivero-Pino et al. (2020), que avaliaram o efeito
do pré-tratamento ultrassonico (20 kHz, 500 W, 15 e 30 min) nas proteinas de Tenebrio
molitor, visando a producao de peptideos antidiabéticos. Foi possivel observar que comparado
ao tratamento controle, o uso do ultrassom otimizou a obtencdo de peptideos altamente
bioativos em pouco tempo de hidrdlise. Além disso, o curto periodo de exposicdo das
proteinas ao pré-processamento por US foi mais benéfico que o periodo mais longo (15 e 30
min, respectivamente), ressaltando a importancia da otimizacdo das condicdes de pré-
processamento na obtencdo dos resultados de interesse. Segundo os autores, nesse caso, 0O
tempo adicional pode ter favorecido a formacgdo de agregados proteicos, dificultando o acesso
enzimaético.

Wu et al. (2018) avaliaram a atividade inibitéria de ECA e propriedade imunomoduladora
de peptideos obtidos da hidrélise enzimética de proteinas do soro do leite submetidas ao pré-
tratamento ultrassonico (20 kHz, 300 W, 15 min). Os resultados demonstraram que o processo
causou modificacdes estruturais nas proteinas, induzindo o desdobramento das moléculas e
aumentando a hidrofobicidade superficial, o que pode favorecer a reacdo de hidrdlise por
melhorar o acesso enzimatico as proteinas. Como resultado, o grau de hidrdlise e as atividades
bioldgicas avaliadas foram superiores para o grupo exposto ao US, quando comparado ao
tratamento controle.

Ja no estudo de Koirala, Prathumpai e Anal (2021), a atividade antioxidante e a
capacidade de inibir a enzima conversora de angiotensina foram avaliadas apds o pré-
tratamento ultrassonico (24 kHz, 200 W e 20 minutos) de proteinas do leite caprino seguido
de hidrélise enzimdtica. Observou-se que o pré-tratamento aumentou a concentragdo de
proteinas soliveis no leite e consequentemente a obtencdo de peptideos foi superior. Os
hidrolisados se mostraram bioativos para as duas propriedades e, segundo os autores, 1SS0 se

deve a sequéncia unica de aminodcidos de baixo peso molecular, estrutura e condi¢cdes de
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extracdo, indicando uma contribui¢cdo positiva da tecnologia de ultrassom ao potencializar a
geracdo desses peptideos (KOIRALA; PRATHUMPAIL ANAL, 2021).

Apesar da existéncia de estudos com as proteinas do leite de cabra submetidas ao pré-
tratamento ultrassonico e seu efeito nas propriedades biolégicas dos peptideos obtidos, ndo ha
trabalhos cientificos que descrevam o efeito do uso do banho ultrassonico durante a hidrélise
enzimatica de caseina do leite de cabra (CLC). Além disso, outras varidveis pouco exploradas
como tempo de reagdo, temperatura, pH, poténcia do US, e protease utilizada na hidrdlise sao
importantes e podem influenciar os resultados.

Logo, o aumento na transferéncia de energia e massa, e reducdo da temperatura e tempo
de hidrdlise devem ser estudados de forma ampla, pois podem viabilizar a aplica¢do desta
tecnologia na producio de peptideos bioativos e técnico-funcionais. Considerando que o uso
do US na geragdo de peptideos bioativos a partir da hidrélise enzimatica da CLC ainda ndo foi
explorado em sua totalidade, fica claro que ha uma lacuna no conhecimento técnico-cientifico

a ser preenchida.
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CAPITULO 2

Ultrasound-assisted enzymatic hydrolysis of goat milk casein: effects on hydrolysis
kinetics and on the solubility and antioxidant activity of hydrolysates

Abstract

This study evaluated the ability of ultrasound (US) bath to improve the hydrolysis of goat
milk casein (GMC) by three commercial proteases (Alcalase, Brauzyn and Flavourzyme)
using assisted reactions at 60 °C for up to 300 min. Process performance was evaluated based
on the rate reaction, final hydrolysis degree, solubility, and antioxidant activity of the
hydrolysates. For all enzymes, the US-assisted reaction increased the rate of GMC hydrolysis
(up to 120%), the hydrolysis degree (23—48%), and the small peptides formed, i.e., those
soluble in trichloroacetic acid (TCA) (up to 40%). Consequently, US-assisted GMC
hydrolysis improved the solubility of the hydrolyzed product (up to a 35.7% increase after
300 min of reaction) and, compared to conventional hydrolysis, reduced the time to achieve
the maximum solubility by up to 10 times. Regarding the in vitro antioxidant activity,
especially for Alcalase, the technology promoted a higher scavenging capacity of 2,2'-azino-
bis(3-ethyl-benzothiazoline-6-sulfonic acid) (ABTS) and 2,2-diphenyl-1-picrylhydrazyl
(DPPH) (p < 0.05), thus 10-fold accelerating the production of antioxidant peptides,
according to ABTS assays (p < 0.05). In conclusion, the US-assisted enzymatic reaction is a
promising technology to improve the hydrolysis rate and yield of the process of obtaining
hydrolysates from GMC. Moreover, these hydrolysates showed high solubility and good in
vitro antioxidant activity, which demonstrates the potential to be used as food ingredient with

nutritional and techno-functional appeal.

Keywords: Biological properties; Goat milk protein; Hydrolysis degree; Peptides; Proteases;

Protein solubility; Techno-functional properties; Ultrasounds.



28

1. Introduction

Goat milk has a high nutritional value due to its composition. Worldwide, its
production has grown in recent years, and there is an expectation to increase by approximately
53% until 2030 (Pulina et al., 2018; Silva & Favarin, 2020).

The main proteins in goat milk are divided between caseins and whey proteins, with
caseins representing 60 to 80% of the total protein concentration (Park, 2017). In addition to
the nutritional and techno-functional properties of caseins in dairy products, these proteins
have the potential to be used in different applications, including the production of peptides
with improved biological and techno-functional properties, such as antioxidant,
antihypercholesterolemic, and antihypertensive activity (Li et al., 2013; Ibrahim, Ahmed, &
Miyata, 2017; Kalyan et al., 2018), and solubility and emulsifying capacity (Luo, Pan, &
Zhong, 2014). However, to exert these properties, native protein must be hydrolyzed to
release the peptides (Ulug, Jahandideh, & Wu, 2020).

Currently, peptides are mainly obtained by enzymatic hydrolysis, which is a method
that has high specificity and does not use organic solvents. However, this process has
disadvantages, such as the high cost of enzymes, long hydrolysis time, and low yield. Thus,
there is a research field focused on finding alternatives to reduce these limitations (Ulug,
Jahandideh, & Wu, 2020).

Recently, new technologies, such as high-pressure processing (HPP) (Leite Jinior et
al., 2018; Leite Junior et al., 2019; Carullo, Barbosa-Cénovas, & Ferrari, 2021), high-pressure
homogenization (HPH) (Leite Junior, Tribst, & Cristianini, 2015; Carullo, Donsi, & Ferrari,
2020), pulsed electric fields (PEF) (Giteru, Oey, & Ali, 2018), high-intensity pulsed light
(HILP) (Siddique et al., 2016), microwaves (MW) (Dong, Wang, & Raghavan, 2021) and
ultrasound (US) (Soares et al., 2019; Soares et al., 2020), have been studied to enhance
enzymatic performance. Strategically, these technologies can be applied alone in enzymes or
substrates and, for some processes, through assisted reactions, aiming to improve biocatalysis
(Ulug, Jahandideh, & Wu, 2020). However, some of these technologies have limitations for
industrial application, such as high cost and scalability limitations.

Among these technologies, the US is considered an economically viable technology,
and advances in its efficiency and versatility have expanded its applications in the food
industry (Kadam et al., 2015). The effect of US on proteins, including casein, has already
been studied (mainly using probe ultrasound), and the results showed that high energy

conditions (high power and high temperature) can disrupt hydrophobic interactions and
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hydrogen bonds of protein molecules (Zhang et al., 2018; Wu et al., 2018; Koirala,
Prathumpai, & Anal, 2021), inducing molecular unfolding or aggregation, as well as protein
defragmentation (Wu et al., 2018; Zhang et al., 2018) due to changes in protein secondary and
tertiary structures (Wu et al., 2018; Koirala, Prathumpai, & Anal, 2021). These changes may
lead to an increase in surface hydrophobicity through exposure of sulthydryl and hydrophobic
groups (Wu et al., 2018), contributing to improvements in the techno-functional properties
(Zhang et al., 2018).

However, the effect of bath US-assisted reactions on the production of bioactive and
techno-functional peptides from the hydrolysis of casein from goat milk has not yet been
explored. Compared with the use of probe US, bath US has advantages such as lower
equipment cost, greater resistance for operating in milder conditions, and greater scalability
potential (Soares et al., 2019; Soares et al., 2020). Therefore, this work aimed to evaluate the
effect of bath ultrasound- assisted enzymatic hydrolysis of goat milk casein (GMC) and the

impact on the solubility and antioxidant activity of the hydrolysates obtained.

2. Material and methods
2.1 Enzymes and goat milk casein (GMC)

Three commercial proteases were used in the study: Brauzyn® 100 L (papain) donated
from Prozyn Biosolutions (Sao Paulo, Brazil) and Alcalase® (Bacillus lincheniformis) and
Flavourzyme® (Bacillus oryzae) donated from Novozymes Latino Americana Ltda (Parana,
Brazil).

Fresh goat milk was obtained from the goat sector of the Federal University of Vicosa
(Vicosa, MG, Brazil). Goat milk was obtained from 80 lactating animals of the Saanen breed.
These animals (lot of 12 goats) are kept in pens with wood shaving bedding. The goats have
free access to solarium, water, mineral salt, and corn silage (corn, straw, cob). Their diet was
supplemented with a mixture of corn grain, soybean meal, salt, lime, urea, and vitamin
complex supplied 3 times daily. The average milk composition was 3.5% lactose, 4.8%

protein, 4.5% fat, and 13.7% total dry extract.

Casein extraction was carried out by isoelectric precipitation according to the method
described by Kalyan et al. (2018) with some modifications. After obtaining, the goat milk was
skimmed by centrifugation at 2000 rpm for 20 min at 4 °C. The skim milk was heated to 37
°C, and the pH was adjusted to 4.1 (isoelectric point) under constant stirring using HCI (1 M).
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After the isoelectric precipitation of the caseins, centrifugation was carried out at 3500 rpm
for 30 min to separate the casein and whey. The obtained pellet (casein) was lyophilized to
obtain goat milk casein (GMC) with 1.6% moisture and 88.6% protein and 9.8% nonprotein

dry extract from milk, mainly minerals and residues of fat and lactose.

2.2 Evaluation of enzyme activity in GMC at different temperatures

The optimal temperature (ranging from 25 to 65 °C) of each enzyme was determined
according to the methodology described by Leite Junior, Tribst, & Cristianini (2014). An
aliquot of 50 mL of GMC protein solution (1% w/v) was dispersed under agitation at 100 rpm
in sodium phosphate buffer solution (pH 6.8; 0.1 M) and kept in a thermostatic bath for 10
min to equilibrate the reaction temperature. After this, 0.5 mL of the enzyme solution
(Alcalase 1% v/v, Brauzyn 2% w/v, and Flavourzyme 3% v/v — concentrations defined based
on Km values and within the dilution range recommended by the manufacturers) diluted in
the same buffer was added, and hydrolysis was carried out for 30 min. Then, 1 mL of the
hydrolysate was removed and added to 1 mL of trichloroacetic acid (TCA) (20% w/v) to stop
the reaction. The solution was centrifuged at 7500g for 15 min at 4 °C, and the supernatant
was measured in a UV light spectrophotometer at an absorbance of 280 nm. The UV
absorbance at 280 nm is suitable for determining peptides that have phenylalanine (Phe),
tyrosine (Tyr) or tryptophan (Trp) in their composition. The use of this technique in this study
is justified by the relatively high amount of these amino acids present in goat casein (Park,
2017). A control sample (blank) was prepared by adding TCA at time 0, and the final value
was determined from the difference in absorbance between the sample and the blank. An
activity unit (U) was arbitrarily defined as the amount of enzyme required to promote a 0.1
increase in absorbance at 280 nm under the assay conditions. Enzyme activity was calculated

according to equation 1 (1).

U B AAbs280nm - 10 - dilution factor

ml 0,5 - 30 (1)

The temperature condition with the highest activity was established as optimal, with
100% of the enzymatic activity. The relative enzyme activity (REA) was calculated according
to equation 2 (2).

activity non_optimal condition

REA (%) = ( ) 1100 (2)

activity optimal condition
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2.3 US-assisted enzymatic hydrolysis of GMC

The US-assisted hydrolysis of the GMC was performed in an ultrasonic bath (Unique,
model USC 2800 A, Indaiatuba, Brazil) with temperature control, nominal capacity 9.5 L,
internal dimensions of 30 x 24 x 15 cm, equipped with five transducers of 25 kHz arranged
below the vat and rated power of 450 W.

Enzyme solutions (Alcalase 1% v/v, Brauzyn 2% w/v, and Flavourzyme 3% v/v) and
GMC protein solution (1% w/v) were used at an enzyme-substrate ratio of 1%. The US bath
was previously filled with a volume of 6.5 L of distilled water, and a glass beaker containing
the solution was positioned at the point of maximum exposure to ultrasonic intensity. The
process was carried out at pH 6.8 with a volumetric power of 38 W/L (previously determined
by the aluminum foil method (Vinatoru, 2015)) at the optimal enzyme temperature (60 °C, for
all enzymes) for 300 min. A stainless-steel heat exchanger was coupled to the ultrasonic bath
and to an external water bath to control the temperature of the samples. For comparison of the
processes, conventional hydrolysis was carried out in a thermostatic bath under the same
conditions of pH, time, and temperature of the samples hydrolyzed under US. In addition,
GMC without enzyme addition was subjected to US processing under the same conditions of
pH, time, and temperature to determine whether US or residual activity of any
endogenous/microbial enzyme of GMC could hydrolyze the substrate under the processing
conditions. The hydrolysis was measured by the degree of hydrolysis (DH) and the TCA

soluble protein concentration.

2.3.1 Degree of hydrolysis

The degree of hydrolysis (DH) was determined by the pH-stat method according to
Adler-Nissen (1986). For this, the enzyme solutions and the GMC protein solution were
prepared in distilled water, and the initial pH was adjusted to 6.8 and maintained at this value
for 300 min of hydrolysis at 60 °C by adding NaOH (0.1 M). The DH is defined as the
percent ratio between the number of peptide bonds broken (h) and the total number of peptide

bonds in the substrate studied (h), calculated according to equation 3 (3):

100 = —v €
tot a M- hey

DH (%) = 100 (3)

where V (mL) is the consumption volume of NaOH, C (mol/L) is the concentration of NaOH,
a is the average degree of dissociation of a-NH> amino groups released during hydrolysis at a

given pH and temperature (0.414 for all enzymes, calculated according to Kurozawa, Park, &
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Hubinger (2009)), M (g) is the mass of protein to be hydrolyzed in the reaction mixture, and
hit (mmol/g) is the molar number of peptide bonds per unit mass of protein, which is 8.2 for

GMC (Gong et al., 2020).

2.3.2 TCA soluble protein concentration

The TCA soluble protein concentration was determined according to the procedures
described by Bucko et al. (2016). For this, after 5, 15, 30, 60, 90, 120, 180, 240, and 300 min
of hydrolysis at 60 °C, aliquots were collected and added to TCA (20% w/v) at a 1:1 ratio to
stop the reaction. Subsequently, the mixture was centrifuged at 7500g for 15 min at 4 °C.
After centrifugation, the total protein content and the TCA-soluble protein fraction were
determined by the method of Lowry et al. (1951) using bovine serum albumin as a standard.
The % of TCA-soluble proteins was calculated by the ratio between the TCA-soluble protein
(Ptca) content and the total protein fraction (Piotar), according to equation 4 (4).

12TCA

TCA soluble protein concentration (%) = -100 (4

Ptotal

2.3.3 GMC hydrolysis kinetics

The GMC hydrolysis kinetics were evaluated using a model of first-order kinetics,
where the reaction rate was demonstrated by the increase in the degree of hydrolysis (DH) or
TCA soluble protein concentration (C), following equation 5 (5).

DH, = DH,, (1 — e ¥1%) or C, = C,(1 —e7¥2t)  (5)
Where:

DH; = Degree of hydrolysis (%) at time t;

DH., = Final degree of hydrolysis (%);

C: = TCA soluble protein concentration (mg/L) at time t;

C. = Final concentration of TCA soluble protein (mg/L);

t = Time of enzymatic reaction (min);

k = hydrolysis reaction rate (min™') at a given temperature.

k = ki1 and ko, which represent the GMC hydrolysis quantified by DH or TCA soluble

protein concentration, respectively.
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2.4 Evaluation of solubility and in vitro antioxidant activity of hydrolysates obtained
from ultrasound-assisted hydrolysis of GMC

To determine the solubility and antioxidant activity of the hydrolysates, the reaction
was carried out in a US bath under the same conditions described in item 2.3. After 30, 120,
and 300 min of hydrolysis at 60 °C, aliquots were collected, boiled for 10 min to stop the
reaction, and centrifuged at 7500g for 15 min at 4 °C to obtain the supernatant. As a control,
conventional hydrolysis was carried out in a water bath under the same conditions, and
aliquots were also collected at the same time during hydrolysis. In addition, native protein

(nonhydrolyzed) was also evaluated.

2.4.1. Solubility

The solubility of native GMC proteins and hydrolysates was determined according to
the method of Morr et al. (1985), with modifications. Analyses were carried out at pH values
ranging from 2.0 to 10.0 with a 2.0 interval. After pH adjustment, the samples were
centrifuged at 7500g for 15 min at 4 °C. The protein content in the supernatant was
determined by the method of Lowry et al. (1951). Solubility (%) was calculated according to
equation 6 (6).

Protein content in the supernatant

Solubility (%) =< ) - 100 (6)

Total protein content in the sample

2.4.2. In vitro antioxidant activity

In vitro antioxidant activity was measured by two different assays: 2,2-diphenyl-1-
picrylhydrazyl (DPPH) and 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS)
radical scavenging activities. The DPPH radical scavenging activity was determined
according to the methodology described by Timon et al. (2019), with some modifications. For
this, an aliquot of 700 uL of the sample was added to 700 pL of ethanol (99.5%) and 175 pL
of ethanol containing 0.01% DPPH. The mixture was kept at room temperature for 60 min in
the dark, and its absorbance was read at 517 nm. The blank was prepared under the same
conditions, replacing the sample by sodium phosphate buffer (0.1 M). The DPPH radical
scavenging capacity was expressed as a percentage of inhibition and was calculated using
equation 7 (7).

AbSqy in —AbS ;
Inhibition (%) _ (ADSo min comin) 4 (7)
AbSOmin
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Where: Absomin is the absorbance of the sample at time 0 and Abseomin i the absorbance of the
sample after 60 min of reaction.

The ABTS radical scavenging activity was determined according to the method
described by Zhong et al. (2021) with some modifications. The stock solution containing
ABTS (7 mM) and potassium persulfate (2.45 mM) (1:1 ratio), was prepared and stored in the
dark at 4 °C for 12-16 h before use. The solution was then diluted using distilled water to an
absorbance of 0.700 £ 0.02 at 734 nm. Subsequently, 150 uL of the hydrolysate sample
(diluted 1:100) was added to 2.85 mL of the diluted ABTS radical solution. After 60 min of
incubation in the dark at room temperature, the absorbance of the mixture was read at 734 nm.

The ABTS radical scavenging activity was calculated using equation 7.

2.5 Experimental design and statistical analysis

The experiment was carried out using a completely randomized design (CRD). The
processes were performed with three independent repetitions, and analyses were carried out in
triplicate for each repetition of processing (n = 9). The results are expressed as the mean *
standard deviation.

The parameters of each mathematical model (DHw», Cs», ki and ko parameters in
Equation 5) were determined by nonlinear regression using Curve Expert Professional
software (version 2.6.5, Hyams Development, Chattanooga, USA) at a significance level of
95%.

The REA, solubility, and in vitro antioxidant activity data were analyzed using one-
way ANOVA followed by post hoc Tukey’s test for multiple comparisons at 95 % of
probability (Statistical Analysis System - SAS Institute, Cary, NC, USA; version 9.2).

3. Results and Discussion
3.1 Enzyme activity in GMC at different temperatures

The effect of temperature on the relative enzymatic activity (REA) of enzymes is
shown in Figure 1. The optimum temperature obtained for all enzymes was 60 °C. Thus, this
condition was defined for carrying out hydrolysis using different proteases. In addition, this
temperature is within the range used for these enzymes in other studies with different

substrates (Queiroz et al., 2017; Wang et al., 2021).
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Figure 1. Effect of temperature on the relative enzyme activity (REA) of Alcalase (A),
Brauzyn (B), and Flavourzyme (C) on goat milk casein. Vertical bars represent the standard
deviation. The temperature condition with the highest activity was established as optimal,
with 100% of the enzyme activity. The relative enzyme activity (REA) was calculated using

Eq. (1) for all other temperature values.

3.2 US-assisted enzymatic hydrolysis of goat milk casein

First, GMC solution without enzyme addition was subjected to US at 60 °C to
determine if US or residual activity of any endogenous/microbial enzyme could hydrolyze the
substrate under the processing conditions. The results showed no increase in DH or in the
concentration of TCA soluble protein for up to 5 h, suggesting that hydrolysis observed in

experiments using commercial enzymes could be attributed exclusively to their activity.
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From the results, it was observed that ultrasound potentiated enzymatic hydrolysis,
promoting an increase in hydrolysis rates (ki and k2) of up to 120% and 50%, respectively
(p<0.05). In addition, there was a significant increase in the hydrolysis degree (DHy) and in
the final concentration of TCA-soluble protein (Cy) compared to the conventional hydrolysis,
regardless of the enzyme used (Table 1) (p<0.05).

Figure 2 shows the curves of DH and TCA soluble protein concentrations during US-
assisted GMC hydrolysis using different enzymes. Table 1 shows the parameters of equation

5 fitted to these curves.
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Figure 2. Increase in DH (%) (A, B, and C) and TCA soluble protein concentration (D, E, and
F) of goat milk casein hydrolyzed at 60 °C assisted by ultrasound using different enzymes (A
and D: Alcalase, B and E: Brauzyn, C and F: Flavourzyme) for 300 min. Dots are
experimental data; continuous lines are the predicted data using Eq. (5). *Control means

samples submitted to conventional hydrolysis.
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Table 1. Parameters of Eq. (5) adjusted to the curve of hydrolysis assisted by ultrasound at 60
°C of goat milk casein using different enzymes by DH (%) and by TCA soluble protein

concentration.
Sample #k1 (min!) #DHe (%) R2
**Control *0.057+0.002¢ 12.53+1.18b 0.991
Alcalase
*EEJS 0.073+£0.016b 15.39+1.30a 0.987
Control 0.047+0.006d 8.97+1.88¢ 0.980
Brauzyn
US 0.051+0.008cd 11.65+1.31b 0.985
Control 0.084+0.016b 4.0320.54¢ 0.969
Flavourzyme

US 0.184+0.086a 5.96+0.65d 0.977

Sample #Kk2 (min™) #Cp (mg/L) R?
Control 0.042+0.005¢ 87.3+7.3d 0.996

Alcalase
US 0.063+0.012ab 121.8+10.3b 0.994
Control 0.029+0.007d 102.1+6.7¢ 0.995
Brauzyn
US 0.034+0.004cd 137.94+7.2a 0.992
Control 0.061+0.012b 46.6+2.6f 0.982
Flavourzyme

US 0.072+0.006a 62.5+3.7¢ 0.994

*Mean # standard deviation of nine replicates (n = 9). Different letters in the column
quantified by DH or TCA soluble protein concentration indicate significant differences among
processes (p<0.05). **Control means samples submitted to conventional hydrolysis, ***US
means samples submitted to hydrolysis under US-assisted conditions, ki and k» = hydrolysis
reaction rate (min') at a given temperature quantified by DH or TCA soluble protein
concentration, respectively. *DHy, = Final degree of hydrolysis (%); *#C, = Final

concentration of TCA soluble protein (mg/L).

The increase in hydrolysis observed can be attributed to three distinctive factors,
which are not mutually exclusive: (i) acceleration of mass transfer under ultrasound-assisted
reaction (Soares et al., 2019), (ii) occurrence of structural changes on substrate (Koirala,
Prathumpai, & Anal, 2021), and/or (iii) on enzymes (Soares et al., 2019; Soares et al., 2020;
Li & Tang, 2021).

The mass transfer acceleration can be explained by the high level of energy released
during the cavitation phenomenon, which can reduce the diffusion-limiting barrier between

the enzyme and the substrate (Wang et al., 2018), increasing the velocity of enzyme activity.
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With respect to structural changes in GMC and enzymes, US has been previously
described as capable of altering the secondary (a-helix, B-sheet, B-turn and random coil) and
tertiary structures of proteins through the disruption of hydrogen bonds and hydrophobic
interactions, inducing molecular unfolding and/or protein defragmentation (Wu et al., 2018;
Koirala, Prathumpai, & Anal, 2021). These changes can expose sulfhydryl and hydrophobic
groups on the substrate (Lei et al., 2011; Wu et al., 2018; Zhang et al., 2018), facilitating the
access of the enzyme to the regions of the polypeptide chain susceptible to hydrolysis,
consequently improving the kinetic parameters of proteolysis under US. In enzymes,
structural changes and unfolding may expose active sites entrapped in the catalytic core of
native enzymes (Li & Tang, 2021), improving their performance.

Although the three proteases studied are recommended to produce hydrolysates, they
have several specificities, justifying the comparative study between them. Brauzyn (papain) is
a plant-derived protease with exogenous activity that cleaves peptide bonds from hydrophobic
regions, including amino acids Ala, Val, Leu, Phe, Trp, and Tyr, while Flavourzyme
preferentially cleaves the peptide bond between Leu and Pro or Pro and Pro. Alcalase is an
endoprotease of microbial origin that hydrolyses peptide bonds containing hydrophobic
residues with carboxyl groups Phe, Tyr, Trp and Lys and has already been identified with
great efficiency in the production of functional peptides from proteins (Queiroz et al., 2017;
Wang et al., 2021).

Comparing the results of different enzymes, Alcalase had the highest DHe (15.39%),
which explains why this enzyme was chosen for protein hydrolysis aiming to produce
peptides in several studies (Liang et al., 2017; Wali et al., 2017; Wu et al., 2018). However,
with respect to the use of US to potentialize DHq, better results were observed for
Flavourzyme, followed by Brauzyn and Alcalase (48%, 30%, and 23%, respectively)
(p<0.05).

A higher DH indicates a greater number of cleaved peptide bonds (Wang et al., 2016)
and, consequently, of hydrolysates with potential improvement of their techno-functional,
such as solubility. Protein solubility is an essential property for hydrolysates because it
directly impacts the performance of other properties (Omura et al., 2021).

Regarding the impact of US-assisted hydrolysis on the final TCA soluble protein
concentration, Alcalase also stood out (US-assisted hydrolysis resulted in a 40% increase in
the final TCA soluble protein concentration), as well as Brauzyn, which showed an increase

of 35% and the highest final concentration (137.9+7.2 mg/L) (Table 1) (p<0.05). Notably,
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TCA soluble proteins have low molecular weight and consequently have greater potential to

perform biological activities (Karami et al., 2019).

3.3 Evaluation of protein solubility during ultrasound-assisted hydrolysis

Solubility is a prerequisite for peptides to properly perform their biological and
techno-functional properties, ensuring wide application in the food and pharmaceutical
industries. Figure 3 shows the solubility at different pH values (2 to 10) of GMC hydrolyzed
using conventional and US-assisted processes for 30, 120, and 300 min.

For native goat milk casein, the highest percentage of soluble proteins was obtained at
extreme pH values (69.4% at pH 2.0 and up to 74.0% at pH 10.0) and lower solubility at pH
values closer to the isoelectric point of the GMC (pH 4.1 - Recio et al., 1997) (5.2% at pH 4.0
and 24% at pH 6.0). These results were expected considering the low solubility of the casein
fractions (close to the isoelectric point of os1 (4.96) and B-casein (5.19)) in milk (Cayot,
Courthaudon, & Lorient, 1991; Duarte et al., 1998). It is important to note that, in milk, casein
remains suspended at pH 6.8 due to colloidal dispersion involving micellar structures and

minerals (Walstra, Wouters, & Geurts, 2006).
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Figure 3. Protein solubility (%) of goat milk casein from conventional and ultrasound-

assisted hydrolysis at 60 °C using different enzymes (A: Alcalase, B: Brauzyn, C:

Flavourzyme) for up to 300 min. Different letters at each pH indicate significant differences

among samples (p<0.05).

Despite the higher solubility at pH 2 and 10, working under these conditions requires

attention and further studies on the possible associated implications. The products generated

at these extreme pH values may show a greater degree of conformational changes with
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unknown impacts on functionality caused by the ionization of some amino acids and terminal
amino and carboxylic groups.

Enzymatic hydrolysis improved the solubility of unprocessed GMC, especially at pH 4
(from 5.2% to 31.7%) (p<0.05). Other studies also found similar results (Luo, Pan, & Zhong,
2014; Al-Shamsi et al., 2018), which are explained by the reduced molecular weight of the
hydrolysates, their higher solvation and because they may have a higher proportion of
hydrophilic peptide units (Kilara & Panyam, 2003).

Compared to conventional hydrolysis, US-assisted hydrolysis enhanced solubility
under most evaluated conditions, with an increase of up to 35.7% (p<0.05). The effect of the
technology was considered satisfactory, since, in all evaluated conditions, no lower solubility
was observed in the samples hydrolyzed under US compared to the respective conventional
hydrolysis. The best impact of US was observed for Alcalase, independent of pH, since the
solubility of the sample hydrolyzed under US for 30 min was higher or similar to the sample
hydrolyzed for 300 min using conventional hydrolysis.

Therefore, US can be applied to optimize the GMC hydrolysis process, reducing the
reaction time by up to 10x, or to achieve higher solubility levels through hydrolysis in longer
processes, which ensures higher productivity and yield. These results corroborate those
obtained in section 3.2, which showed an increase in the final concentration of TCA-soluble

protein (up to 40%) for US-assisted hydrolysis compared to conventional hydrolysis.

3.4 In vitro antioxidant activity of GMC during ultrasound-assisted hydrolysis

Figure 4 shows the in vitro antioxidant activities of GMC and its hydrolysates
obtained by conventional and US-assisted hydrolysis at 60 °C using different enzymes for up
to 300 min. The results showed that conventional hydrolysis (30 min for Alcalase and
Brauzyn and 300 min for Flavourzyme) increased the samples’ ability to scavenge DPPH and
ABTS radicals by up to 2.7 times (p<0.05) compared to unprocessed GMC. Similar results
were obtained by Li et al. (2013), who observed higher free radicals scavenging (DPPH and
ABTS assays) after GMC hydrolysis.
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Figure 4. In vitro antioxidant activity from the DPPH (A) and ABTS (B) assays of goat milk
casein during conventional and ultrasound-assisted hydrolysis at 60 °C using different
enzymes for up to 300 min. Different letters for each enzyme indicate significant differences

among processes (p<0.05).

Oligopeptides from goat milk casein hydrolysis commonly have tyrosine and proline
in their composition, which are amino acids with antioxidant activity in short polypeptide
chains (Li et al., 2013). Peptides with a high content of hydrophobic amino acids have
antioxidant activity due to the ability of phenolic groups to be hydrogen donors, which
inhibits the radical-mediated peroxidation chain reaction (Ren et al., 2008; Sarmadi & Ismail,
2010; Zhang et al., 2012). In addition, residues (especially Pro, Val, Phe, and His) at the N-
and C-terminals positions play a key role in the antioxidant activity due to their higher
interaction with fatty acids and improved capturing ability for lipid free radicals (L1 et al.,
2013).

Thus, comparing the performance of the three different enzymes studied, Flavourzyme

possibly had the worst results due to its preference for cleavage of only the peptide bond
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between Leu and Pro or Pro and Pro, not favoring the formation of small peptides with other
hydrophobic amino acids, such as Try, Tyr and Phe. On the other hand, the higher antioxidant
capacity of the hydrolysates obtained with Brauzyn and Alcalase might be explained by the
ability of these enzymes to also cleave bonds with these other hydrophobic residues present in
GMC (Queiroz et al., 2017; Wang et al., 2021).

Regarding the effect of the US-assisted reaction, only for hydrolysates obtained using
Alcalase, a higher scavenging capacity (p<0.05) of ABTS and DPPH was observed after 30
(up to 61% increase) and 120 min (up to 12% increase) of hydrolysis, respectively.
Furthermore, especially for the ABTS radical, it was found that US-assisted Alcalase
hydrolysis accelerated the production of peptides with in vitro antioxidant activity 10-fold
(p<0.05). Similarly, other studies showed that hydrolysates obtained by the action of Alcalase
from vegetal proteins preprocessed by US showed an increase in the scavenging capacity of
DPPH and ABTS radicals (Liang et al., 2017; Guerra-Almonacid et al., 2019).

These results are consistent with those on the effect of US on the final concentration of
TCA soluble protein, in which Alcalase had the best result (40% increase). This may justify
the impact on antioxidant activity, since peptides with biological properties usually have low
molecular weight, such as TCA-soluble protein. In addition, the application of different
proteases can produce hydrolysates with different antioxidant capacities due to the specificity
of the enzyme by the substrate and its mechanisms of action (endo and exo-peptides) (Castro
& Sato, 2015).

Antioxidant compounds inhibit the oxidation process, which is a biochemical reaction
capable of producing free radicals that can damage cells. (Koirala, Prathumpai, & Anal,
2021). Therefore, the results found in this study are promising and encourage further
investigations aimed at obtaining and using GMC hydrolysates and their purified fractions as
antioxidant ingredients in the food industry.

This is an exploratory study that evaluates the possibility of hydrolyzing GMC by
commercial proteases in a US-assisted reaction, aiming to produce peptides with potential
techno-functional properties and biological activities. As commonly occurs in exploratory
process research, the need to work with many variables (i.e., number of enzymes, process type
and processing time) results in dozens of samples, limiting the capacity of the research to
deeply explore them. Thus, this study has some limitations: (i) the peptides obtained were not
identified, (ii) solubility was the only techno-functional property evaluated by Lowry's

method, (ii1) bioactivity was only evaluated by antioxidant properties, and no in vivo tests
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were performed, and (iv) the allergenic power and toxicological effects of the produced
compounds were not evaluated.

Although data obtained for solubility and antioxidant capacity under experimental
conditions are considered good indicators of protein functionality (Li et al., 2013; Liang et al.,
2021), in vitro data are not conclusive about in vivo outcomes (Agostini-Costa, 2020). To
claim functionality, it is necessary to carry out other works focusing on food production to
determine the techno-functional properties, as well as clinical trials to prove the biological
properties (Agostini-Costa, 2020). In addition to evaluating the possible functionalities, it is
necessary to study the potential side effects, especially for unpurified peptides (Dullius et al.,
2020).

Furthermore, in future work, the peptides obtained under optimized conditions should
be identified, and their allergenic power (Elias, Kellerby, & Decker, 2008) and toxicological
effects (Elias, Kellerby, & Decker, 2008; Oliveira, Fuentes-Silva, & King, 2012) must be

measured before their commercial application as food or pharmacological ingredients.

4. Conclusions

The US-assisted enzymatic hydrolysis of GMC was evaluated for the first time under
different conditions for up to 300 min. US increased the hydrolysis rate by up to 120% and
the maximum DH (23 - 48%) and concentration of TCA-soluble protein (up to 40%).
Consequently, for most evaluated conditions, US-assisted GMC hydrolysis improved the
solubility of the hydrolyzed product (up to 35.7%) and potentiated the in vitro antioxidant
activity of hydrolysates. The overall evaluation of the results highlighted that, among the
studied enzymes, Alcalase is the best for producing GMC hydrolysates, either with
conventional or US-assisted hydrolysis, and that these compounds have potentially interesting
techno-functional and biological activities. Further studies are needed to deeply explore the
techno-functional and biological activities of the hydrolysates produced under optimized
conditions, to assess the risks regarding peptides allergenicity and toxicity, and to use these
hydrolysates as food ingredients or even as dietary supplements with claims of therapeutic

properties.
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CONCLUSOES GERAIS

O leite de cabra é um alimento que possui grande potencial na producdo de peptideos
bioativos e técnico-funcionais, devido ao teor de proteinas com alto valor bioldgico e ao
crescimento do setor caprino nos dltimos anos. Embora a hidrélise enzimética seja o método
principal de obtencdo de peptideos, suas limitacdes impulsionam o uso de tecnologias, como
o ultrassom, visando melhorar o desempenho enzimético.

Neste trabalho, verificou-se que o US aumentou a taxa de hidrélise, além de provocar
um aumento no grau de hidrdlise e na concentragdo final de peptideos soliveis em TCA. Os
resultados possivelmente estdo associados a aceleracdo da transferéncia de massa durante a
reacdo assistida por ultrassom, além de possiveis alteracdes fisico-quimicas e estruturais na
CLC, resultando no desdobramento da estrutura complexa da proteina em uma matriz mais
simples, o que favorece a cinética de hidrélise por meio da aceleragdo da reagao.

Além disso, a solubilidade dos hidrolisados foi superior a da CLC e aumentou apds a
hidrdlise assistida por US na maioria das condi¢cdes avaliadas. A tecnologia também
potencializou a atividade antioxidante in vitro dos hidrolisados, com reducao de até 10 vezes
no tempo de hidrolise, especificamente pela acdo da Alcalase, no ensaio conduzido com o
radical ABTS. Sendo assim, a hidrélise assistida por US da CLC pode ser uma estratégia
promissora na geracdo de peptideos bioativos e técnico-funcionais, otimizando o processo e
favorecendo a agregacdo de valor ao produto, o que torna o leite caprino mais atraente do

ponto de vista econdmico.



